Introduction {#Sec1}
============

Glasses show vibrational and mechanical properties that are markedly different from other crystalline materials^[@CR1],[@CR2]^. Thermal measurements and scattering experiments have been performed to study the properties of various glassy systems, such as covalent-bonding^[@CR3]--[@CR8]^, molecular^[@CR9]--[@CR13]^, metallic^[@CR14]--[@CR17]^, and polymeric^[@CR18]--[@CR23]^ glasses. For instance, the excess vibrational modes at low frequencies and the excess heat capacity at low temperatures exceeding the Debye predictions, which describe the corresponding crystalline values, have been observed universally in various glassy materials. This phenomenon, which is referred to as the boson peak (BP), has been widely studied.

The ideas of elastic heterogeneities^[@CR24]--[@CR26]^ and criticality near isostatic state and marginally stable state^[@CR27]--[@CR30]^ have been introduced, following the recent theoretical advances for understanding the origin of anomalies in glasses. Based on these theories, the mean-field formulations have been developed by using the effective medium technique^[@CR24]--[@CR26],[@CR29],[@CR30]^. In addition, more recent studies^[@CR31],[@CR32]^ have focused on the local inversion-symmetry breaking, which can explain the microscopic origin of the BP. The anomalous vibrational properties in both crystals and glasses have also been investigated within the framework of the phonon Green\'s function^[@CR33]^.

Molecular dynamics (MD) simulations play an essential role for studying the vibrational and mechanical properties of glasses. Firstly, MD simulations enable to assess the theoretical predictions. In fact, various MD simulations have been performed on simple atomic glasses, e.g., Lennard-Jones (LJ) systems^[@CR34]--[@CR40]^. Concerning the isostaticity and marginal stability^[@CR27]--[@CR30]^, the systems with a finite-ranged, purely repulsive potential have also been studied^[@CR41]--[@CR44]^, and are considered as the simplest model of glasses. In particular, it is crucial for MD simulations to solve finite-dimensional effects that are not captured by the mean-field treatments^[@CR45]--[@CR47]^. Secondly, MD simulations perform quasi-experiments on well-defined systems and access data that cannot be examined experimentally. Relevant systems to experiments and applications have been simulated, including covalent-bonding^[@CR48]--[@CR53]^, metallic^[@CR54]--[@CR57]^, polymeric^[@CR58]--[@CR62]^ glasses. These simulation studies complete theoretical understandings based on simple systems and experimental observations of more complex systems.

The vibrational properties and the BP of polymeric glasses have been studied by both of experiments^[@CR18]--[@CR23]^ and MD simulations^[@CR58]--[@CR62]^. The effects caused by non-covalent bonds including bending forces and chain length represent an important feature of polymer glasses. Previous experiments^[@CR18],[@CR19]^ have investigated the effects of the pressure or densification on the frequency and intensity of the BP in polymeric glasses. It was demonstrated that the evolution of the BP with pressure cannot be scaled by the Debye values (i.e., the Debye frequency and the Debye level). Therefore, the pressure effects cannot be explained only by the variation of macroscopic elasticity. In contrast, another experiment^[@CR20]^ has shown that the polymerization effects on the BP is explained by the change in macroscopic elasticity as the frequency and intensity variations of the BP are both scaled by the Debye values.

In addition, Zaccone *et al*. have recently performed MD simulations to calculate the vibrational density of states (vDOS) in polymeric glasses by changing the chain length and the rigidity of the chain bending^[@CR61]^. This work studied the vibrational eigenstates in a wide range of frequencies and the effects of the chain length and bending rigidity on the high-frequency spectra. Furthermore, Giuntoli and Leporini studied the BP of polymeric glasses having chains with highly rigid bonds^[@CR62]^. It was demonstrated that the BP decouples with macroscopic elasticity and arises from non-bonding interactions only. Although these studies^[@CR61],[@CR62]^ have helped understand polymeric glass properties, the effects of bending rigidity and chain length on the low-frequency spectra and BP need to be further studied.

Herein, the vDOS and the elastic moduli of polymeric glasses are analyzed through coarse-grained MD simulations (see Methods). In particular, the connection between the BP and elasticity as well as the glass transition temperature is explored by systematically changing the bending stiffness of short and long polymer chains. The contributions of the present study are given as follows. We demonstrate that polymeric glasses can exhibit extremely-large non-affine elastic response (compared to atomic glasses), whereas the BP is simply scaled by the behavior of macroscopic shear modulus. This behavior of the BP can be explained by the theory of elastic heterogeneities^[@CR24]--[@CR26]^. Our results indicate that effects of the bending rigidity on the BP are encompassed in change of macroscopic elasticity, which is in contrast to effects of pressure^[@CR18],[@CR19]^, but instead is similar to effects of polymerization^[@CR20]^. Furthermore, we show the positive correlation among the BP, elasticity, and the glass transition temperature. Finally, we will discuss the relaxation dynamics in the liquid state, in relation to our results of low-frequency vibrational spectra.

Results {#Sec2}
=======

Glass transition temperature {#Sec3}
----------------------------

When the polymeric system is cooled down from the liquid state under a constant pressure, the volume of the system monotonically decreases with decreasing the temperature. Figure [1a](#Fig1){ref-type="fig"} shows the specific volume $\documentclass[12pt]{minimal}
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Elastic properties {#Sec4}
------------------

The elastic properties of polymer glasses are studied by changing the strength of bending rigidity. An external strain is applied to the system at $\documentclass[12pt]{minimal}
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Low-frequency vibrational spectra {#Sec5}
---------------------------------

### Reduced vDOS {#Sec6}

Finally, the spectra of vibrational eigenmodes in polymer glasses are studied. The vibrational mode analysis is performed on the configuration of the polymeric system at $\documentclass[12pt]{minimal}
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As shown in Fig. [4](#Fig4){ref-type="fig"}, the polymer glasses present clear excess peaks over the Debye level, i.e., the BP. The BP frequency, $\documentclass[12pt]{minimal}
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### Participation ratio {#Sec7}
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### Comparison with LJ glasses {#Sec8}

The low-frequency spectra are comparable to that of atomic LJ glasses reported in ref. ^[@CR70]^. As observed in Fig. [4](#Fig4){ref-type="fig"}, the height of $\documentclass[12pt]{minimal}
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                \begin{document}$${\varepsilon }_{{\rm{FENE}}}=30$$\end{document}$, investigated in this study. With respect to the large bonding energy, the rigidity of the polymeric chains has a smaller effect on the low-frequency spectra. Therefore, the low-frequency spectra are mainly determined by the non-bonding LJ interactions, whereas the elasticity is mainly determined mainly by the bonding rigidity. As a results, the BP decouples with the macroscopic elasticity, as demonstrated in the previous study^[@CR62]^.

In contrast to the the results presented in ref. ^[@CR62]^, the rigidity of the polymeric chains is necessary to determine the elasticity and the low-frequency spectra with respect to the bonding energy scale of $\documentclass[12pt]{minimal}
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                \begin{document}$$\omega /{\omega }_{{\rm{D}}}$$\end{document}$ of the LJ glass is lower than that of the polymer glasses. This result indicates that vibrational states differences between polymer glasses and LJ glasses cannot be described only by changes in macroscopic elasticity, changes in the local elastic properties should be considered as well^[@CR6],[@CR18],[@CR19],[@CR38]^.

Here we make a note on the finite system size effects. We consider that the present system size of $\documentclass[12pt]{minimal}
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In addition, the length scale of collective vibrational modes in the BP region is discussed. For atomic LJ glasses, the length scale was evaluated as $\documentclass[12pt]{minimal}
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                \begin{document}$${\xi }_{{\rm{BP}}}=2\pi {c}_{{\rm{T}}}/{\omega }_{{\rm{BP}}}$$\end{document}$, which corresponds to the size of approximately 23 particle^[@CR68]^. This length scale diverges near the isostatic point or the marginally stable point, theoretically^[@CR27]--[@CR30]^ as well as numerically^[@CR41],[@CR46],[@CR47],[@CR73],[@CR74]^. The present study evaluates the length scale of collective vibrational modes in polymeric glasses as $\documentclass[12pt]{minimal}
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Discussion {#Sec9}
==========

The glass transition temperature, elastic properties, and the low-frequency vibrational spectra were studied in polymeric glasses. In particular, the bending energy scale was highly varied for long chains ($\documentclass[12pt]{minimal}
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                \begin{document}$$L=3$$\end{document}$). As the system becomes rigid by increasing the bending rigidity, the glass transition occurs at a higher temperature, leading to a lower density in the glass phase. The lowering density directly affects the isotropic bulk deformation, but does not affect the shear elasticity. The shear elasticity is mainly controlled by the bending rigidity. The non-affinity of polymeric glasses is much larger than that of atomic LJ glasses. This is due to the more complex conformational relaxations of the polymeric chains during non-affine deformation. Even under an isotropic elastic deformation, the non-affine relaxation process should be considered to describe the elastic response.

In addition, it is demonstrated that the BP frequency *ω*~BP~ and its intensity are simply scaled by the Debye frequency *ω*~D~ and the Debye level *A*~D~ which are mainly determined by the macroscopic shear modulus *G*. This result indicates that the BP is controlled by macroscopic shear modulus and that the bending rigidity has a small impact on heterogeneities of local elasticity properties. The effects of the bending rigidity on the BP is similar to that of the polymerization, which has also been explained by macroscopic elasticity changes^[@CR20]^.

The presented results provide a simple relationship between the BP and the elasticity as well as the glass transition temperature. As the system becomes more rigid by increasing the bending rigidity, the glass transition temperature *T*~g~ and the shear modulus *G* are increased. On the contrary, the bulk modulus $\documentclass[12pt]{minimal}
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Finally, it is worthwhile to discuss the relationship between structural relaxation above the glass transition temperature and the elastic properties. In fact, there have been proposed the shoving model, which characterizes the activation energy of the structural relaxation time $\documentclass[12pt]{minimal}
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Methods {#Sec10}
=======

Coarse-grained MD simulations are performed by using the Kremer--Grest model^[@CR82]^, which treats polymer chains as linear series of monomer beads (particles) of mass $\documentclass[12pt]{minimal}
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The polymer chain is modeled by three types of inter-particle potentials as follows. Firstly, all the monomer particles interact via the LJ potential: $$\documentclass[12pt]{minimal}
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                \begin{document}$${r}_{c}=2.5\sigma $$\end{document}$, where the potential and the force (first derivative of the potential) are shifted to zero continuously^[@CR70]^. Throughout this study, the mass, length, and energy scales are measured in units of $\documentclass[12pt]{minimal}
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                \begin{document}$${k}_{{\rm{B}}}$$\end{document}$ is the Boltzmann constant). Secondly, sequential monomer-beads along the polymeric chain are connected by the FENE potential: $$\documentclass[12pt]{minimal}
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